Using a host differential screening method in pot and in hydroponic co-cultures, four populations of the sunflower root parasite Orobanche cumana Wallr. were studied for their pathogenicity against seven sunflower genotypes that are thought to carry specific resistance genes. These broomrape populations, which belong to three supposed races (D, E, and F), were observed to differ by their virulence. The Spanish supposed-race F population was the most virulent, showing the greatest number of Orobanche fixations and biomass reduction on sunflower genotypes resistant to the other tested populations (Romanian supposed-race D population and both Spanish and Bulgarian supposed-race E populations). However, from the differential screening none of the sunflowers was absolutely immune to all populations of broomrape since at least a few broomrape attachments, which sometimes became necrosed, were observed during some weeks on the most resistant roots. However, typical hypersensitive response was not observed on the host roots, whose exudates stimulate germination of all four O. cumana populations to the same extent, but with some variations depending on the sunflower genotypes. Before attachment, Orobanche seedlings released cell-wall-degrading enzymes such as pectin methylesterase (PME, EC 3.1.1.11) and polygalacturonase (PG, EC 3.2.1.15). These pectinolytic activities were higher in the most virulent and recently discovered "race F".
INTRODUCTION
Broomrapes (Orobanche spp.) are root-parasitic flowering plants devoid of chlorophyll that cause important yield losses in several crops (Fer and Thalouarn, 1997; Benharrat et al., 2003) . Their seed germination is triggered by chemical signals released by host roots. The resultant radicle tip sticks to the host root and develops a haustorium, which penetrates in the host root cortex thanks to both mechanical (Sholmer-Ilan, 1993 ) and enzymatic actions, especially cell wall degrading enzymes (Ben-Hod et al., 1993; Sholmer-Ilan, 1993 , 1994 Shingh and Singh, 1993; Bar Nun et al., 1996; LosnerGoshen et al., 1998) . This leads to a vascular connection which enables acquisition of water, and inorganic and organic nutrients (Fer and Thalouarn, 1997) . Among nearly one hundred broomrape species, Orobanche cumana Wallr. is considered a serious pest for sunflower in eastern Europe and Spain (Linke et al., 1989; 20 Shindrova et al., 1998) , mostly as a result of monoculture. Despite the continuous introduction of new resistant sunflower lines, O. cumana remains a serious threat since resistance has consistently been overcome by supposed new races of the parasite (Antonova, 1998; Gagne et al., 1998) . However, it seems that there is some confusion in race identification from one country to another and even in the same country. There is thus a need to characterize these so-called races and their mode of pathogenicity. Using differential screening experiments with a range of sunflower genotypes, Vranceanu et al. (1980) described five races of O. cumana (A, B, C, D, and E). However, the characterization of these supposed races as a function of their host spectrum after a screening in experimental plots or in pot experiments was not sufficient. Indeed, it seems necessary to pay more attention to the close relation between the partners and to evaluate the differences in "race" virulence. The mechanism by which a newly appeared race is virulent is supposed to be based on the gene-for-gene concept involving Avr from parasite-R from host (Flor, 1947) . A monogenic resistance appears when the product of the R gene recognizes that of the Avr gene and this leads to the supposed hypersensitive reaction, also known as incompatible interaction. Each of the sunflower genotypes tested by Vranceanu et al. (1980) was supposed to carry one resistance gene: Or1, a resistance gene against O. cumana race A, Or2, a resistance gene against race B of the parasite, etc. However, some studies on several host/broomrape models (Rubiales et al., 2003; Labrousse et al., 2004) have demonstrated the occurrence of several defense reactions that might occur at different stages of parasitic development, and suggest a polygenetic resistance (horizontal resistance) rather than a monogenetic resistance (vertical resistance). To our knowledge, this vertical resistance has never been characterized using an appropriate system of co-culture of the sunflower-broomrape pathosystem, and the occurrence of a genuine hypersensitive response on resistant sunflower roots has never been described, in contrast with Striga, another parasitic plant of the same family. For these reasons we have attempted to characterize phenotypically the presumed races of O. cumana and to search for the occurrence of a hypersensitive reaction, notably by monitoring broomrape attachment and development, in both pot and hydroponic co-cultures. We examined the hypothesis that virulence towards sunflowers may be related to pectinolytic activities of Orobanche seedlings. The amount of Orobanche seed germinations in response to host-root exudates and the secretion of pectinolytic activities by Orobancche seedlings were studied in order to better evaluate and understand the impact of Orobanche on the host, particularly because haustorium intrusion in the host root cortex probably depends on the ability of the parasite to impair cell walls.
MATERIALS AND METHODS

Plant material
Seven sunflower genotypes (Table 1 ) and four populations of Orobanche cumana seeds collected from infested sunflower fields in Romania (population 1, supposed race D, Negruvda 1996), Bulgaria (population 3, supposed race E, Dobroudja 1999), and Spain (population 2, supposed race E, Ecija 1999, and population 4, supposed race F, La Rambla 2002), were provided by Dr. A. Bervillé (INRA, Montpellier, France).
Pot experiment
Host parasite co-culture was carried out under glasshouse conditions (25 °C, 300 µmol m -2 s -1 photosynthetic active radiation, 16-h photoperiod). Approximately 20 000 seeds (100 mg dry weight) of Orobanche (84 mg kg -1 of soil) were mixed with 2:1:1 peat-sandcompost mixtures in 1.3 l pots. Preconditioning of broomrape seeds was performed for one week at 25 °C. After this period, sunflower seeds were sown in infested pots. Seventy days later, Orobanche attached to host Table 1 Reported resistance genes to races A, B, C, D, E, and F of Orobanche cumana in some sunflower genotypes used in this work (Vranceanu et al., 1980; Jan et al., 2002) Sunflower roots were counted and classified in five development stages, as previously described by Labrousse et al. (2001 Labrousse et al. ( , 2004 : stage 1 to stage 4: subterranean stages, and stage 5: broomrape emergence. Biomasses of Orobanche and sunflower were determined 70 days after infestation. Plant organs were dried in an oven for 3 days at 80 °C before dry weight measurement. Each experiment was performed using three pots, each containing one plant, and repeated two times. Data are means ± confidence intervals (n = 6, α = 0.05, Student's t test).
Hydroponic co-culture
Sunflower seeds were surface-sterilized in a 12% sodium hypochlorite solution for 5 min and rinsed several times in sterile distilled water, before being sown in vials filled with glass balls (2 mm diameter) soaked with sterile distilled water. Germination occurred after 4 or 5 days and seedlings were transferred to Petri dishes (120 mm × 120 mm) 7 days later. Roots were covered with a piece of fiberglass filter paper and a 1 cm thick layer of rock wool. The bottom of this system was soaked in a sterile solution of Coïc neutrophile nutrient solution (Coïc and Lesaint, 1975 ) and the rock wool was covered with aluminum foil and maintained at 25 °C (300 µmol m -2 s -1 PAR under a 16-h photoperiod). Orobanche seeds were surface-sterilized in 12% sodium hypochlorite for 5 min and then rinsed with sterile distilled water. Twenty-five milligrams of seeds (around 5000 seeds) were spread on a sterilized moistened fiberglass paper filter in a Petri dish. After preconditioning in darkness for 7 days at 25 °C, broomrape seeds (around 100 seeds) were placed 1-2 mm from roots of each 10-day-old sunflower seedling, and their germination was stimulated with 5 ml of GR24 (1 ng ml -1 ), an analogue of strigol that stimulates germination (Johnson et al., 1976) . After infestation, broomrape development was observed under a stereo microscope (Citoval 2, Zeiss). For this experiment, stages 4 and 5, subterranean and aerial growth of broomrape, respectively, which could not be distinguished, were gathered in the same class. Development stages were classified as previously described by Labrousse et al. (2001 Labrousse et al. ( , 2004 : stage 1: attachment to the host root; stage 2: tubercle formation; stage 3: tubercle with adventitious roots; stage 4: underground shoot growth. Each experiment was performed using three trays, each containing one plant, and repeated two times. Data are means ± confidence intervals (n = 6, α = 0.05, Student's t test).
Root exudates
Sunflower seeds were sown on glass balls soaked in sterile distilled water. After germination, plantlets were watered with Coïc nutrient solution. Root exudates were collected in 40 ml of sterile distilled water from two 5-week-old plantlets. After 3 days, this solution was sterilized by filtration and could be stored at -20 °C for several weeks. Five milligrams of preconditioned seeds of O. cumana were spread on fiberglass paper (10 mm diameter, Machery-Nagel) and then transferred to a small Petri dish (25 mm diameter) containing 500 µl of root exudate solution, or GR 24 (1 ng ml -1 ), or water, and incubated at 25 °C. The percentage of germination was determined 7 days after the occurrence of the first radicle under a stereo microscope (Citoval 2, Zeiss); at least 200 seeds were observed for each test. Meanwhile viability of preconditioned seeds (non-germinated seeds) and seedlings was determined using Evans blue at 1 mg ml -1 . The percentage of broomrape viability (determined as percentage of stained preconditioned seeds or seedlings) was estimated at around 90% (less than 10% of dead preconditioned seeds and dead seedlings) and was approximately the same for the four populations of O. cumana tested. Each experiment was performed using five small Petri dishes (25 mm diameter), and repeated three times. Sample size = 200 seeds. Data are means ± confidence intervals (n = 15, α = 0.05, Student's t test).
Measurement of pectinolytic activities secreted by O. cumana seedlings
After sterilization, 25 mg of seeds (around 5000 seeds) were spread on a sterilized moistened fiberglass paper filter in a Petri dish and preconditioned in darkness for 7 days at 25 °C. Broomrape seed germination was stimulated with 5 ml of GR24 (1 ng ml -1 ), or 5 ml of water for control seeds. Substances secreted by 10-daypreconditioned seeds or 7-day-old seedlings (10 days after GR 24 treatment) were collected from the medium (around 5 ml) by a syringe and filter-sterilized (0.22 µm filter, Millipore) before enzymatic activity assays. Polygalacturonase (PG, EC 3.2.1.15) cleaves 1,4 bonds within the galacturonide chains. Enzyme activities were estimated by the release of reducing groups from the polygalacturonic acid (PGA, sodium salt; Sigma) or methylated pectin (MP from citrus, 72% methylation degree; Sigma) substrates after 10 min of incubation at 40 °C. In assays, culture filtrates (25 µl, around 0.5 to 5 µg proteins) containing substances secreted by Orobanche preconditioned seeds or seedlings were incubated with 225 µl of 0.1% (w:v) PGA or MP in citrate buffer 50 mM, pH 6.0. The released reducing groups were spectrophotometrically measured in 100 µl reaction medium at 600 nm after reaction at 100 °C with CuSO 4 and arsenio-molybdic acid, according to Nelson's method (1944) modified by Sturgeon (1990) . D-galac-turonic acid was used as standard and controls were as follows: (1) substrates in their buffer without culture filtrates, (2) filtrates without substrates. Activity = assay -((1) + (2)) . Protein content of filtrates was determined according to Bradford (1976) . Enzymatic activity was defined as follows: one katal (kat) of enzyme releases one mole of galacturonic acid equivalent per second under assay conditions. Specific activity was expressed in nkat per mg of proteins. Each experiment was performed using substances secreted by broomrapes from three Petri dishes, and repeated two times. Data are means ± confidence intervals (n = 6, α = 0.05, Student's t test).
RESULTS
Orobanche populations differ by their virulence
Pot experiments under glasshouse conditions using sunflower genotypes, each previously reported as carrying a different O. cumana resistance gene ( Table 1) , showed that the four tested populations of O. cumana (No. 1 to No. 4), supposed to belong to races D, E, and F (Fig. 1) , differ by their virulence. Race F presented the greatest degree of virulence since it caused Orobanche fixations on sunflower genotypes resistant to the other populations (e.g., PH-BC2-56 resistant to race D and LC1093A resistant to race E). Only Kremnij sunflower genotype, described as bearing resistance gene Or6 (Jan et al., 2002 ) against race F, was resistant. Two populations (one from Bulgaria and the other from Spain) belonging to supposed race E displayed the same virulence against the seven sunflower genotypes tested; only LC1093 and Kremnij were resistant. This virulence was higher than that of race D, since three sunflower genotypes were susceptible to race D (PH-BC2-56, LC1093A, and Kremnij being resistant).
In the case of PHBC2-56/race D and Kremnij/race F confrontations, the resistance was unexpectedly partial since broomrape fixations and even a few emergences were detected, but to a lesser extent than in susceptible interactions. This led us to monitor these interactions more precisely in hydroponic co-cultures. At first sight, results similar to those of pot experiments were obtained (Fig. 2) . Nevertheless, resistance previously detected in several sunflower genotypes was not total since in all cases broomrape attachments were observed. During the resistant interaction LC1093A/race E, stage 1 was observed before turning necrotic at 28 days after infestation. Moreover, on PH-BC2-56 resistant to race D, and Kremnij resistant to race E, stages 1, 2, and 3, viable or necrosed, were observed till the end of the experiment (56 days after infestation). In all sunflower/ O. cumana interactions no hypersensitive response with tissues of the host root rapidly turning necrosed was observed.
Parasitized sunflower dry weights were measured after pot experiments and biomass reduction (shown in Fig. 3 ). Sunflower biomass was obviously affected, and, for instance, in the case of the susceptible genotype 2603, reduced by half when infested by race F, while race D and race E caused a less dramatic loss. In every case, broomrape biomass was measured as equal to the host loss (data not shown). It could be observed that biomass of broomrape population 4 fixed on Kremnij sunflower (Or6) was not insignificant, while this population has no effect on Kremnij biomass. 
Sunflower root exudates induced germination of Orobanche populations to the same extent
Root exudates obtained from 5-week-old plantlets of the seven sunflower genotypes triggered germination of seeds from each O. cumana population tested (Fig. 4) . It should be noted that in all cases and for each root exudate, there was no significant difference in percentage of germination within the O. cumana populations tested; e.g., exudates from Kremnij stimulated around 40% germination of the four O. cumana populations (Fig. 4) . Broomrape germination was stimulated to a lesser extent by the other sunflower genotypes, reaching, for instance, 15 and 20% for PHBC2-56 and LC1093, respectively. Those from the susceptible control 2603 triggered approximately 80% for all four tested O. cumana populations (Fig. 4) . This did not differ from the GR 24 effect. 
O. cumana seedlings secreted pectinolytic activities
In order to measure pectinolytic activities from enzymes produced by O. cumana seedlings, substances secreted by preconditioned seeds (nongerminated seeds) or 7-day-old seedlings (germinated with GR 24) were collected. Approximately the same amount of protein was detected in exudates of preconditioned seeds from the four O. cumana populations tested (data not shown). However, the amount of proteins was about 6 times greater in exudates from germinated seeds (1.8 mg g -1 of dry seeds). Pectinolytic activities were monitored using two different substrates: polygalacturonic acid and methylated pectin (Fig. 5) . In both cases, exudates from all Orobanche seedlings showed significant pectinolytic activities, whereas in exudates from preconditioned seeds only very faint activities were detected. Activities measured with methylated pectin (MD 72%) suggested that pectin methylesterases (PME, EC 3.1.1.11) were present in Orobanche seedling exudates and de-esterify the methylated carboxyl of D-galacturonide, facilitating the further action of polygalacturonases. Polygalacturonase activities were greater in the highly virulent race F (e.g., around 180 nkat mg -1 of protein) than in races D and E (Fig. 5) . It is thus possible to calculate that one gram of Orobanche seeds from race F (around 200 000 seeds) released (after germination) around 100 nkat of polygalacturonase activity.
DISCUSSION
The aim of this study was to determine whether the notion of races, as established for other phytopathogenic organisms, fits parasitic plants like Orobanche and if hypersensitive reaction and gene-for-gene concepts might be applied; in other words, whether there is a genuine vertical resistance of some sunflower genotypes to broomrape.
To reach that goal, the relationships of these supposed races with sunflower were observed thanks to the host differential screening method. Thus, sunflower genotype Kremnij, described as carrying Or6 resistance gene (Jan et al., 2002) , was determined as resistant to race F. However, it is not an all or nothing process, since in each sunflower/O. cumana interaction leading to resistance, resistance was partial (presence of broomrape fixations on host roots but without any significant loss of host biomass), with no genuine hypersensitive response observed. This type of resistance, without hypersensitive reaction, has also been observed during the interaction between O. crenata and chickpea (Rubiales et al., 2003) . In the present study, virulence was also evaluated in terms of impact on host biomass since race F was described as inducing more significant losses on host biomass than race E, and still more than race D. It seems, therefore, that these supposed races differ by their pathogenicity genes whereas differences in avirulence genes remain to be demonstrated. No relation between the stimulant effect of root exudates from the seven sunflower genotypes on germination and their degree of infestation has been demonstrated since all root exudates triggered approximately the same percentage of germination in the four O. cumana populations. However, sunflower genotypes do not have the same stimulant effect on broomrape germination. This could be explained by the difference in amount and/or effectiveness of these stimulants.
In an attempt to understand the differences of virulence of the supposed races, their pectinolytic activities were measured and compared. It was shown that seedlings of the three supposed races D, E, F secreted increasing amounts of pectinolytic activities. The fact that these polygalacturonase activities were demonstrated to be more abundant in race F than in races D and E suggests that they might play a role in the degree of virulence. These enzymatic activities might change the physical properties of the host middle lamella and primary cell wall in front of Orobanche intrusive cells. Presence and activity of these enzymes at the host/ parasite interface have already been reported. For instance, PME was detected by immunocytochemistry in O. cumana/sunflower and O. aegyptica/tomato interactions (Losner-Goshen et al., 1998) . However, only one population of O. cumana was tested in this study, and therefore the possible role of this enzyme in race virulence was not investigated. If virulence might be related to pectinolytic activities, some other enzymes could also be involved, such as suberinases, cellulases, and β-glucosidases (Singh and Singh, 1993; Sholmer-Ilan, 1994) , laccases (Sholmer-Ilan, 1993) , xylanases (Singh and Singh, 1993; Sholmer-Ilan 1994) , proteases (Singh and Singh, 1993) , and peroxidases (Antonova and Ter Borg, 1996) . In the last study mentioned, the most virulent O. cumana races secreted less peroxidase, and the authors suggested that these peroxidases were involved in host lignin cell wall reinforcement.
These results immediately raise the following questions: Firstly, could O. cumana race virulence only be evaluated in terms of cell wall degradation? If this is the case, what would be the real role of Or-resistant genes whose existence was suggested at each discovery of a new resistant sunflower genotype? Consequently, do the Avr genes, whose mutation was supposed to be involved in the appearance of a new race, exist in Orobanche? Neither the sequence nor the nature of polypetides encoded by these Or genes is known, as well as the possible existence of Avr genes in broomrape races. In addition, Labrousse et al. (2001) have shown the occurrence of several resistance responses at different stages of broomrape development in the same sunflower genotype. Similar observations were made by Perez de Luque (personal communication) in the legumes/O. crenata interaction. A study of the distribution and intensity of these responses in recombinant inbred lines, derived from a cross between susceptible and resistant lines of sunflower, demonstrated that they could be separated in the progeny and that they are quantitative (Labrousse et al., 2004) .
It could be concluded that new "races" may perhaps be more aggressive since there is, on the one hand, no hypersensitive reaction and, on the other hand, living broomrape fixations were observed for at least four weeks. Moreover, at least one phenotypic quantitative trait of the parasite was shown to appear in the more virulent race: the secretion of pectinolytic activities. If virulence of Orobanche might be partly due to these enzyme activities, their influence on some other mechanisms that occur during the infestation process, such as haustorium penetration, should also be investigated.
